Background: Pulse waveform analysis (PWA) for determination of augmentation index (AIx), a measure of arterial wave reflections, has been used to assess endothelial function, but only in combination with provocative pharmacologic testing. We hypothesized that AIx under basal conditions would be related to endothelial function as well.
A rterial wave reflections are increasingly recognized to play an important role in cardiovascular health and disease. 1, 2 In interplay with left ventricular ejection and the elastic properties of the aorta, they determine central pulse pressure (the pulsatile component of blood pressure [BP] ), a powerful predictor of cardiovascular risk. 1 Changes in arterial properties and pulse wave velocity (PWV) cause profound changes in arterial pressure contours. These changes are attributed to the timing and amplitude of pulse wave reflections from peripheral reflecting sites, 3 where high resistance arterioles are considered to be the major sites of wave reflection in the circulation. Whereas the timing of the return of the reflected pressure waves to the ascending aorta depends on PWV, the traveling distance (body height), and the duration of ventricular ejection, their amplitude can be modified by the geometry, number, structure, and function of smaller muscular arteries and arterioles. 4 However, there are only few published quantitative studies on the latter relationship.
There is abundant evidence that the endothelium plays a crucial role in the maintenance of vascular tone and structure. 5, 6 One of the major endothelium-derived vasoactive mediators is nitric oxide (NO). Asymmetric dimethylarginine (ADMA), an endogenous inhibitor of NO synthase, has been implicated in the impairment of NO generation in a variety of cardiovascular diseases. 7 Numerous studies have shown strong associations between increased ADMA levels and hypertension, cardiovascular risk factors, and endothelial dysfunction. 8, 9 In particular, in hypercholesterolemic humans, ADMA correlates with the degree of endothelial dysfunction, as assessed by measuring flow-induced vasodilation in the brachial artery with ultrasound. 10 Conditions associated with endothelial dysfunction such as aging itself, 5 hypercholesterolemia, 11 and diabetes are also associated with increased arterial wave reflections, 12 and therapeutic interventions that improve endothelial function/reduce ADMA levels, 13 also reduce wave reflections, 14 suggesting that NO may itself contribute to the regulation of wave reflections. Finally, endothelial dysfunction, 5 ADMA levels, 15 as well as increased arterial wave reflections 16 predict outcome in patients with coronary artery disease (CAD).
The relationship between measures of arterial stiffness and endothelial function has been shown in small studies. 6, 17 Moreover, quantification of arterial wave reflections using the technique of pulse waveform analysis (PWA), combined with provocative pharmacologic testing, has been proposed as a noninvasive method for assessing endothelial function. 18 In the present study, we prospectively evaluated the quantitative relationship between plasma levels of ADMA and arterial wave reflections as well as aortic PWV in a large group of patients.
Methods

Patients
We recruited 424 consecutive patients undergoing coronary angiography for assessment of suspected CAD at our institution, a tertiary care cardiology department in a university teaching hospital in Austria. Exclusion criteria were atrial fibrillation, unstable clinical conditions, and valvular heart disease. All patients were studied while on regular medications and gave written informed consent. The study was approved by our local ethics committee.
Hypertension was present with repeated measurements Ն140 mm Hg systolic or Ն90 mm Hg diastolic BP or permanent antihypertensive drug treatment. Diabetes mellitus was defined as a fasting blood glucose concentration Ն126 mg/dL or antihyperglycemic drug treatment. Current smoking was defined as having smoked the last cigarette less than 1 week before coronary angiography. Creatinine clearance was estimated using the CockcroftGault formula.
Coronary angiography was performed using standard techniques on a digitized coronary angiography equipment (Cathcor, Siemens, Múnchen, Germany). The extent of CAD was defined using a modified stenosis score system (Angio-score: minimum score was 0; maximum score was 27): 0,1,2,3 points, respectively, for less than 50%, 50% to 70%, 71% to 89%, 90% and more diameter stenosis in one to three segments of the three main coronary arteries (a total of nine segments).
Pulse Waveform Analysis
Assessment of arterial wave reflections was performed noninvasively with the commercially available SphygmoCor system (AtCor Medical, Sydney, Australia), as previously described. 2 In brief, peripheral pressure waveforms were recorded from the radial artery at the wrist, using applanation tonometry with a high fidelity micromanometer, and a validated generalized transfer function to generate the corresponding central aortic pressure waveform. The augmentation index (AIx) and pressure augmentation (AP) were derived from this with the technique of PWA. 2, 3 In addition, because AIx is influenced by heart rate, an index normalized for heart rate 75 beats/min (AIx@75) was used. Time to return of the reflected wave (Tr) was the time from the beginning upstroke of the derived aortic systolic pressure waveform to the inflection point. Only high quality recordings were included into the analysis. All PWA measurements were taken in the sitting position in a quiet, temperature-controlled room after a brief period of rest, most often on the day after coronary angiography by nurses not involved in performance or interpretation of the angiograms. Repeatability of PWA is good, as previously reported. 2 Blood pressure measurements were performed with a validated, automated wrist BP monitor (Omron R3, Omron Healthcare, Tokyo, Japan) with the radial artery kept at heart level during measurement.
Pulse Wave Velocity Measurement
In a group (n ϭ 160) of the patients, pulse wave velocity (PWV) was assessed at the end of coronary angiography, using standard (6 Fr) pigtail catheters. After fluoroscopy control of catheter position, pressure waveforms in the ascending aorta and at the level of the aortic bifurcation were printed at a paper speed of 200 mm/sec. Catheter length between these two points was measured after withdrawal of the catheter, and the time interval was determined manually using the mean of three consecutive beats with the intersecting tangent method for identifying the foot/points of the traveling wave. Between-observer variability was excellent with a mean difference of 0.06 m/sec; according to the method of Bland and Altman, 95% confidence intervals were 0.82 and Ϫ0.69 m/sec.
Assessment of ADMA
Blood samples were drawn from the arterial sheath after coronary angiography (therefore, after overnight fasting), centrifuged at 3000 rpm for 10 min, and frozen at Ϫ36°C, and never thawed until analysis. Plasma levels of ADMA were determined using a validated 19 ELISA assay (DLD Diagnostika, Hamburg, Germany), which has been shown to correlate well with the liquid chromatography-mass spectrometry method with a correlation coefficient of 0.984. 19 Using this method, mean value in healthy subjects is 0.65 mol/L.
Statistical Analysis
Data were analyzed using Statistica 6.0 (StatSoft Inc., Tulsa, OK) as well as BiAS for Windows, 7.05 (Hanns Ackermann, Frankfurt/Main, Germany) software packages. Continuous variables were expressed as mean Ϯ 1 standard deviation, categorical data as percentages. Baseline characteristics were compared between younger (Ͻ60 years) and elderly patients, using t test (in normally distributed data with equal variances), Welsh's test (with unequal variances), and 2 test, as appropriate. Non-normally distributed data were logarithmically (log10) transformed before analysis. The relationship between AIx, ADMA, and other baseline characteristics was analyzed using nonparametric methods (Spearman correlations). Therefore, and for regression analysis, categorical data were coded as follows: gender (men ϭ 1, women ϭ 2), smoking (yes ϭ 1, no ϭ 0), systolic function (preserved ϭ 0, mildly impaired ϭ 1, moderately impaired ϭ 2, severely impaired ϭ 3), medication use (yes ϭ 1, no ϭ 0), hypertension/diabetes/peripheral arterial occlusive disease (PAD)/prior myocardial infarction (MI)/prior stroke (yes ϭ 1, no ϭ 0). To study whether there was an independant relationship between AIx or PWV and ADMA, stepwise regression analysis was used, with AIx or PWV as the dependent variables. The models were adjusted for gender, age, presence of hypertension or diabetes, prior stroke, prior MI, PAD, smoking, medications (angiotensin-converting enzyme [ACE] inhibitors/angiotensin receptor blockers [ARB], ␤-blockers, calcium channel blockers, diuretics, nitrates, statins), systolic function, Angio-score, total/LDL/HDL-cholesterol, triglycerides, creatinine clearance, body height, heart rate, brachial diastolic BP, and ADMA. Moreover, with respect to AIx and based on our previous study, 2 where increased wave reflections were associated with an increased CAD risk in younger (Յ60 years), but not in elderly patients, analysis was performed in the total population and in the groups of younger (Յ60 years of age) and elderly patients as well. A P value Ͻ .05 was considered significant.
Results
Baseline characteristics are given in Table 1 . When compared to patients up to 60 years of age, elderly patients (Ͼ60 years) were shorter, more often were hypertensive and took ACE inhibitors/ARBs, less often were smokers, had more extensive CAD (higher Angio-scores), higher HDL-cholesterol, aminoterminal probrain natriuretic peptide (nt-proBNP), and ADMA levels, a lower creatinine clearance, higher brachial and aortic pulse pressures and APs, tended (P ϭ .08) to have higher AIx values, had lower brachial and aortic diastolic BPs and Trs. All other baseline characteristics were distributed equally among both age groups.
Relationship Between BP, Pulse Waveform Characteristics, and ADMA Levels
The ADMA levels were significantly and positively related to AIx and AP in the entire study population (Table  2) . This relationship was entirely driven by the closer association in patients up to 60 years of age, whereas we found no significant association in the elderly (Ͼ60 years) patient group (Table 2) .
With respect to clinical groups, the association between AIx and ADMA was closer in diabetics (Spearman R ϭ 0.23, P ϭ .05), in patients with prior MI, stroke, or PAD (Spearman R ϭ 0.25, P ϭ .04), and in patients not taking ACE inhibitors/ARBs (Spearman R ϭ 0.17, P ϭ .02).
The ADMA levels were significantly and negatively related to brachial and aortic diastolic BP in the total sample and in the elderly patient group (Table 2 ). There was no significant relation between ADMA levels and systolic BP or pulse pressure.
Univariate Predictors of AIx
In the entire population sample, we observed significant positive correlations between AIx and age (R ϭ 0.13, P Ͻ .006), gender (R ϭ 0.36, P Ͻ .0001), ADMA (R ϭ 0.11, P ϭ .03), total cholesterol (R ϭ 0.20, P Ͻ .0001), LDLcholesterol (R ϭ 0.18, P ϭ .0008), HDL-cholesterol (R ϭ 0.19, P ϭ .0002), nt-proBNP (R ϭ 0.09, P ϭ .05), and diastolic BP (R ϭ 0.14, P ϭ .004), as well as significant negative correlations between AIx and height (R ϭ Ϫ0.34, P Ͻ .0001), ACE inhibitors/ARBs (R ϭ Ϫ0.1, P ϭ .04), heart rate (R ϭ Ϫ0.43, P Ͻ .0001), creatinine clearance (R ϭ Ϫ0.14, P ϭ .005), and systolic function (R ϭ Ϫ0.12, P ϭ .01).
In patients up to 60 years old, we found significant positive correlations between AIx and HDL-cholesterol (R ϭ 0.28, P Ͻ .01) and ADMA (R ϭ 0.28, P Ͻ .01) (Fig.  1) , as well as significant negative correlations between AIx and height (R ϭ Ϫ0.45, P Ͻ .001) and heart rate (R ϭ Ϫ0.44, P Ͻ .001).
Multiple Regression Analysis for Prediction of AIx
In the fully adjusted regression model in the entire study population, using AIx as the dependent variable, the independent predictors were gender, height, heart rate, diastolic BP, Angio-score, total cholesterol, and nitrate use (Table 3) .
In the fully adjusted regression model in the younger patients, using AIx as the dependent variable, the independent predictors were gender, height, heart rate, diastolic BP, smoking, Angio-score, and ADMA (Table 4) .
Univariate and Multivariate Predictors of PWV
In the 160 patients with PWV assessment (age was 63.0 Ϯ 9.9 years; baseline characteristics, wave reflection indices, and ADMA levels did not differ significantly from the total sample), PWV was 9.3 Ϯ 2.7 m/sec. Measures of wave reflections were significantly associated with PWV: Spearman R for AIx and PWV was 0.16 (P ϭ .04), Spearman R for AP and PWV was 0.36 (P Ͻ .0001). In univariate analysis, we observed significant positive correlations between PWV and age (R ϭ 0.62, P Ͻ .0001), ADMA (R ϭ .19, P ϭ .02), creatinine clearance (R ϭ 0.23, P ϭ .004), nt-proBNP (R ϭ 0.40, P Ͻ .0001), diabetes (R ϭ 0.25, P ϭ .001), hypertension (R ϭ 0.32, P ϭ .0001), Angio-score (R ϭ 0.24, P ϭ .002), diastolic BP (R ϭ 0.23, P ϭ .004), ACE inhibitors/ARBs (R ϭ 0.26, P ϭ .001), and diuretics use (R ϭ 0.18, P ϭ .02).
In a multiple regression model, using PWV as the dependent variable, the independent predictors were age, diastolic BP, and diabetes.
Discussion
This is the first study in humans to show that plasma levels of ADMA, an endogenous inhibitor of NO synthase, are related to central AIx (as assessed without pharmacologic stimulation), a manifestation of wave reflections in the ascending aorta. This relationship is better in younger (Յ60 years) patients and, importantly, independent of other known contributors of AIx in this patient group. In addition, we found a statistically significant, albeit not independent, correlation between ADMA levels and aortic stiffness in the group of patients with PWV measurement.
The fundamental determinants of AIx are the timing and extent (amplitude) of arterial wave reflections, the pattern of left ventricular ejection (including heart rate and systolic function), and the elastic properties of the aorta. Major contributors to the timing of wave reflections are P values are for comparison between patients up to 60 years and patients Ͼ60 years of age. MI ϭ myocardial infarction; ACEI ϭ angiotensin-converting enzyme inhibitor; ARB ϭ angiotensin receptor blocker; CCB ϭ calcium channel blocker; CAD ϭ coronary artery disease; BP ϭ blood pressure; AIx ϭ augmentation index; AIx@75 ϭ augmentation index corrected for heart rate 75 beats/min; AP ϭ augmented pressure; ADMA ϭ asymmetric dimethylarginine; Tr ϭ time to return of the reflected wave; PVD ϭ peripheral vascular disease.
body height, determining the distance the pressure wave passes forward and backward, and large artery (including aortic) stiffness, determining the velocity of the pulse wave. On the other hand, the amplitude of wave reflections depends on structure and function of small muscular arteries and arterioles. 4 With respect to structural changes, collagen type I turnover 20 has been recently shown to correlate with both PWV and AIx. With respect to functional regulation, significant relations between plasma levels of inflammatory cytokines and AIx, as well as PWV, have been shown. 21 The endothelium is known to release a number of vasoactive mediators, including NO and endothelin-1, and changes in vascular tone can alter stiffness. 6 Inhibition of basal NO synthesis by systemic infusion of using N Gmono-methyl-L-arginine (LNMMA, structurally similar to ADMA) increases aortic AIx and PWV in healthy volunteers. 22 In a placebo-controlled study in 12 young healthy volunteers, intravenous ADMA increased mean BP and systemic vascular resistance. 23 However, ADMA plasma concentrations after intravenous administration were roughly three times higher (mean 2.6 mol/L) than in our study, which may explain the minor effects on BP seen in our patients. Of note, the technique of PWA enabled us to detect moderate, albeit potentially important, hemodynamic associations in the absence of any significant relations to "simple" BP values.
It has been known since the late 19th century that glyceryltrinitrate, an exogenous source of NO, causes changes in the arterial waveform indicative of reduced wave reflections. This has been recently attributed to a dilatation of peripheral muscular arteries with improved distensibility of those vessels. 3 Our results suggest that endothelial dysfunction, in particular impaired NO synthesis, may contribute significantly to the extent (amplitude) of arterial wave reflections, and, therefore, to the effect of wave reflections on central (aortic) BP. In addition, we found no significant relation between ADMA levels and the time to return of the reflected wave (Tr)-even when corrected for body height (data not shown), and in the group with PWV assessment-no independent relation between ADMA and PWV. Thus, the influence of endothelial function/dysfunction on large artery stiffness and on the timing of wave reflections may be less important. These findings are corroborated by a previous study, where the investigators found that inhibition of basal NO synthesis using L-NMMA increased wave reflections (AIx), but did not have a BP independent effect on carotid femoral PWV. 24 Findings from the REASON study point into the same direction: aortic PWV was reduced to a similar degree by both perindopril/indapamide, and by atenolol, and that reduction paralleled the decrease in diastolic BP and, therefore, was interpreted as a principally passive effect. 3 In contrast, wave reflections (AIx) decreased to a greater degree with the arterial dilator combination (perindopril/ indapamide). 25 These findings at first glance seem to be at variance with previous studies, where endothelium-derived NO has been shown to regulate large artery stiffness (measured as PWV). 26, 27 However, vascular beds investigated in those studies were iliac artery and the coronaries, which is in contrast to our study (we examined strictly aortic PWV). More important, ADMA levels in our study were within a range that many researchers would consider as normal and may have resulted in incomplete inhibition of NO synthase, 28 which is in contrast to those experimental settings with a complete blockade of NO synthase and, therefore, may explain the different findings.
Although the relation between AIx and ADMA appears modest, it may be underestimated due to the presumably incomplete NO synthase inhibition (discussed previously) in our patients. Moreover, apart from NO, there are several other mediators released from the vascular endothelium, including endothelin-1, which recently has been shown to play a role in the regulation of large artery stiffness. 29 Full assessment of those mediators might have led to a closer relationship with wave reflections. Finally, our patients were on regular medications (including nitrates and ACE inhibitors/ARBs) during the study, which may have altered wave reflections as well as ADMA levels and, therefore, may have diluted the results.
The better association between AIx and ADMA in the younger patients is in good agreement with our previous study, 2 where we found an increased risk for CAD with increased wave reflections in patients up to 60 years old, but not in elderly patients. Further support comes from a recent article by McEniery and colleagues. 30 They showed that AIx increase with age is nonlinear and more prominent in people less than 50 years of age. Together with our recent findings, these data seem to implicate that AIx may be a better marker of cardiovascular risk in younger and middle-aged as compared to elderly patients.
In conclusion, these data provide evidence for the link between endothelial function/dysfunction and mechanical characteristics of the arterial system. We have shown that plasma levels of ADMA (even within the normal range), important determinants of endothelial NO generation, are inversely and independently associated with the amplitude of arterial wave reflections from small arteries and arterioles in younger (Յ60 years) patients. In contrast, we observed no independant influence of ADMA levels on aortic PWV, a commonly used measure of arterial stiffness. Implications for future studies are that wave reflections (AIx) and PWV clearly represent different arterial properties with different functional and structural contributions from different segments of the arterial tree. More clinical studies with simultaneous measurements are needed to evaluate their relative role in risk stratification and treatment decisions. N ϭ 134; multiple R ϭ 0.78 (P Ͻ .00001). Age, prior MI/stroke, PAD, creatinine clearance, total/LDL/HDLcholesterol, triglycerides, nt-proBNP levels, hypertension, diabetes, medications, and systolic function did not enter the model.
